Data are available from the Protein Data Bank (accession numbers: 6AZO, 6AZN, 6AZQ, 6AZS, 5BK6).

Introduction {#sec001}
============

The mineralization of cyanuric acid by bacteria is thought to be an ancient metabolic pathway \[[@pone.0192736.ref001]\]. It is thought that this pathway has been recently 'co-opted' into pathways for the degradation of highly functionalized *s*-triazines as they have become environmentally abundant through human activities since the mid-twentieth century \[[@pone.0192736.ref001]--[@pone.0192736.ref003]\]. The s-*triazine* mineralization pathways, including the cyanuric acid catabolism pathway, are thought to have evolved in response to an increase in the abundance of *s-*triazines in the environment as a result of human activities \[[@pone.0192736.ref002],[@pone.0192736.ref004],[@pone.0192736.ref005]\]. Although most incidentally exposed bacteria are not sensitive to the *s-*triazines, these anthropogenic compounds are an excellent nitrogen source and bacteria that can access this nitrogen may have a growth advantage compared with those that cannot: i.e., the ability to use *s-*triazines as a nitrogen source confers a selective advantage \[[@pone.0192736.ref006]\].

The canonical cyanuric acid catabolism pathway was first described from the atrazine-degrading *Pseudomonas* sp. strain ADP, which converts herbicidal chloro-*s*-triazines to cyanuric acid *via* three sequential hydrolyses that first dechlorinate and then dealkylate the herbicides. These steps are catalyzed by AtzA \[[@pone.0192736.ref007]\], AtzB \[[@pone.0192736.ref008]\] and AtzC \[[@pone.0192736.ref009]\], all of which are metalloenzymes with an amidohydrolase fold (PFAM PF01979). Cyanuric acid is then mineralized by three hydrolases ([Fig 1](#pone.0192736.g001){ref-type="fig"}): AtzD \[[@pone.0192736.ref010]--[@pone.0192736.ref012]\], AtzE \[[@pone.0192736.ref013],[@pone.0192736.ref014]\] and AtzF \[[@pone.0192736.ref015]--[@pone.0192736.ref018]\]. AtzE and AtzF are Ser-*cis*Ser-Lys amidohydrolases and both possess an amidase-fold (PFAM PF01425); the structure of AtzF has been determined experimentally \[[@pone.0192736.ref015],[@pone.0192736.ref019]\], while that of AtzE has been inferred from its sequence identity with other amidase proteins \[[@pone.0192736.ref014]\]. AtzD is also a serine hydrolase, but it belongs to a recently described structural family (the Toblerone fold; PFAM PF09663) that is unrelated to Ser-*cis*Ser-Lys hydrolases \[[@pone.0192736.ref010],[@pone.0192736.ref011],[@pone.0192736.ref020]\].

![Cyanuric acid mineralization by bacteria.\
Cyanuric acid is mineralized to CO~2~ and NH~3~ by cyanuric acid mineralizing bacteria by the enzymes cyanuric acid amidohydrolase, biuret hydrolase and allophanate hydrolase. The product of cyanuric acid amiidohydrolase (1-carboxybiuret) is unstable under physiological conditions and decarboxylates to form biuret and CO~2~. The product of allophanate amidohydrolase (dicarboxyammonia) is also unstable under physiological conditions and decomposes to CO~2~ and NH~3~.](pone.0192736.g001){#pone.0192736.g001}

Other *s-*triazine catabolizing enzymes and pathways have also evolved in response to the increased abundance of *s-*triazines in the environment. For example, AtzA is substituted for a physiologically isofunctional, but non-homologous amidohydrolase TrzN in some bacterial species \[[@pone.0192736.ref021]--[@pone.0192736.ref023]\]. TriA, a melamine aminohydrolase that is 98% identical to, but biochemically distinct from AtzA, allows the use of the triamino triazine melamine as a nitrogen source in *Pseudomonas* sp. strain NRRL B-12227 \[[@pone.0192736.ref024]--[@pone.0192736.ref026]\]. *Rhizobium leguminosarum* bv. *viciae* 3841 has an unusual cyanuric acid catabolic pathway that uses an *atzD* homolog to ring-open cyanuric acid, but lacks an *atzE* homolog to catalyze the subsequent step \[[@pone.0192736.ref027]\]. Instead, *R*. *leguminosarum* bv. *viciae* 3841 employs a cysteine hydrolase that fulfils the role of a biuret amidohydrolase (BiuH). The genes encoding the cyanuric acid amidohydrolase and biuret hydrolase are co-located on one of six large plasmids (the \~0.5 Mbp 'symbiosis' plasmid, pRL10 \[[@pone.0192736.ref027]\]), albeit this location may not have a specific functional consequence as most *s-*triazine-degradation genes are associated with mobile genetic elements \[[@pone.0192736.ref002],[@pone.0192736.ref005]\].

Potential applications for many of the genes and enzymes of the *s*-triazine degrading pathway have been identified, including environmental bioremediation and the detection of adulterants in food and animal feed \[[@pone.0192736.ref028]--[@pone.0192736.ref032]\]. Biuret is sometimes used as an inexpensive adulterant to increase the total nitrogen content of food and feed, thereby increasing its value \[[@pone.0192736.ref033]\]. Biuret is also a side product in the production of urea fertilizer and can be phytotoxic \[[@pone.0192736.ref034],[@pone.0192736.ref035]\]. BiuH may have utility in detecting, quantifying and degrading biuret in food, feed and fertilizer.

Herein, we describe and characterize the structure and catalytic mechanism of BiuH. Through a combination of structural studies, mutagenesis and molecular modelling we are able to propose a plausible catalytic mechanism for BiuH, which closely resembles that of other cysteine hydrolases. We also identify three potential channels from the active site to the bulk solvent, for the ingress of substrates (biuret and water) to the active site and the egress of products (ammonia and allophanate).

Materials and methods {#sec002}
=====================

Cloning {#sec003}
-------

A synthetic version of the biuret hydrolase gene (*biuH*) from *Rhizobium leguminasorum* bv. *viciae* 3841, codon optimized for expression in *E*. *coli*, encoding for a protein identical to Q1M7F4 (Uniprot), EMBL database accession no. AM236084.1 was ordered from GenScript (Piscataway, NJ, USA; [S1 Fig](#pone.0192736.s001){ref-type="supplementary-material"}) and provided as an insert in pUC57 (Genscript) with *Nde*I and *Bam*HI (New England Biolabs) restriction sites engineered 3' and 5', respectively, of the structural gene. The gene was subcloned into the *Nde*I and *Bam*HI sites of pETcc2, described in Peat *et al*., 2013. A sequence coding for a 6xHis-tag before a thrombin cleavage site (MGSSHHHHHHSSGLVPRGSH; [S1 Fig](#pone.0192736.s001){ref-type="supplementary-material"}) was introduced by the subcloning to facilitate protein purification.

Genes encoding single amino acid substitution variants of BiuH (Asp36Ala, Asp36Asn, Asp36Gln, Asp36Glu, Phe41Ala, Phe41Leu, Phe41Tyr, Phe41Trp, Lys142Ala, Lys142His and Lys142Arg, Lys145Ala Lys145His, Lys145Arg, Cys175Ala, Cys175Ser, Gln215Ala, Gln215Asn, Gln215Asp and Gln215GluGln215Glu) were produced by overlap extension PCR as described in Ho *et al* \[[@pone.0192736.ref036]\]. The *biuH* gene was used as template and mutagenic primers were obtained from Integrated DNA Technologies (IDT, Singapore) and their sequences are detailed in [S1 Table](#pone.0192736.s012){ref-type="supplementary-material"}. Mutant *biuH* genes were cloned into the pETcc2 expression vector using *Nde*I and *Bam*HI.

Protein expression and purification {#sec004}
-----------------------------------

pETcc2 derivatives encoding the wild-type biuret hydrolase and twenty variants were used to transform *Escherichia coli* BL21 (λDE3) cells (New England Biolabs). Bacterial cultures were grown on Luria-Bertani (LB) medium, supplemented with 100 μg/mL ampicillin where required. Cells were grown with shaking at 200 rpm at 37 °C for the wild-type biuret hydrolase and 28 °C for the variants. Protein expression was induced at an OD~600~ of 0.8 by addition of 1 mM isopropyl β--D-1-thiogalactopyranoside (IPTG).

A seleno-L-methionine (SeMet)-BiuH was obtained by growth in minimal medium containing 60 mg/L of SeMet as the only source of methionine, as described in Doublié 1997 \[[@pone.0192736.ref037]\]. Purification was performed as described below, except that 0.2 mM EDTA and 5 mM dithiothreitol (DTT) were added to all the buffers in order to retard oxidation of the SeMet-BiuH during purification.

Cells were harvested 24 hours after induction by centrifugation at 5,000 x *g* for 15 minutes, resuspended in lysis buffer (5 mM imidazole, 25 mM potassium phosphate pH 7.5) and lysed by passage through a Microfluidics homogenizer M-110P (Massachusetts, USA) five times at 15,000 PSI. The lysis was followed by centrifugation at 18,000 x *g* for 45 minutes, using an Aventi J-E centrifuge to pellet the cells debris and the soluble fraction was used for further purification.

The soluble fraction was syringe filtered through a 0.22 μm filter. The filtrate was applied to a 5 mL Ni-NTA Superflow cartridge (GE Healthcare) and protein eluted with a gradient from 5 mM to 500 mM imidazole in ten column volumes (CV). SDS-PAGE analysis was performed to assess the purity of the fractions, using NuPAGE^®^ Novex 4--12% acrylamide gradient Bis-Tris gels (Invitrogen). Fractions that eluted between 150--350 mM imidazole were found to contain a protein with a mass corresponding to that of biuret hydrolase.

After pooling, the protein containing fractions were concentrated to 12 mL using an Amicon Ultra-15 centrifugal filter unit and further purified by size exclusion chromatography using a 130 mL column packed with Superdex 200 preparation grade resin (GE Healthcare Life Sciences), equilibrated initially with 50 mM HEPES pH 7.5, 100 mM NaCl. After a preliminary results from the differential scanning fluorimetry (DSF) the gel filtration buffer was swapped to one containing 50 mM Tris pH 7.5, 100 mM NaCl. All chromatography steps were performed using an ÄKTA purifier UPC 10 (GE Healthcare Life Sciences).

Protein concentration was estimated using NanoDrop spectrophotometer (Thermo Pierce) by reading the absorbance at λ = 280 nm. The molar extinction coefficients used for BiuH and its variants was 34,295 M^-1^.cm^-1^, except for BiuH Phe41Tyr (25,785 M^-1^.cm^-1^) and BiuH Phe41Trp (39,795 M^-1^.cm^-1^). Molar extinction coefficients were calculated using ProtParam on the ExPasy server (<https://web.expasy.org/protparam/>).

Differential scanning fluorimetry (DSF) {#sec005}
---------------------------------------

DSF was used to determine an appropriate formulation for crystallization trials, using a standard, published protocol \[[@pone.0192736.ref038]\]. Briefly, 0.3 uL of protein and 0.3 uL of a 1:20 dilution of Sypro dye (Sigma S5692) was diluted into a final volume of 20 uL, and heated in steps of 0.5 °C from 20--90 °C in an RT-PCR machine (BioRad CXF 96). The protein at 3.6 mg/mL in a preliminary size exclusion formulation (50 mM HEPES pH 7.5, 100 mM NaCl) was tested in triplicate against an array of 13 different buffers at pH values ranging from 5 to 9, at two concentrations of NaCl ('Buffer Screen 9',). The T~m~ in the HEPES/NaCl formulation was 47.8+/-0.1 °C (all T~m~ estimations were extracted using the program Meltdown \[[@pone.0192736.ref039]\]). The protein was slightly more stable in 50 mM Tris chloride pH 8, 50 mM NaCl (51.5+/- 0.2 °C). The protein was simultaneously treated with thrombin to remove the N-terminal His-tag (100 uL protein at 3.6 mg/mL was added to a 0.2 mL tube containing 10 units of lyophilised thrombin, and enough CaCl~2~ to give a final concentration of 3 mM). This mix was dialyzed into 50 mM Tris pH 8, 50 mM NaCl (3.5 kDa cutoff membrane) and this sample was assayed without further purification against the same buffer screen by DSF. This increased the T~m~ to 55.1 °C. A Meltdown report for the Buffer Screen 9 analysis of the thrombin/tris treated protein is included as supplementary information ([S2 Fig](#pone.0192736.s002){ref-type="supplementary-material"}).

To confirm the proper folding of the BiuH variants, thermal melt analyses were performed on each variant, using the N-terminal His tagged protein. Protein concentration was 5 mg/mL, in 50 mM Tris chloride pH 7.5, 100 mM NaCl and 0.2 μL of 1:20 diluted Sypro Orange dye was added to each 20 μL experiment. The samples were run in 3--8 fold replication. The wild-type protein shows a T~m~ of around 56 °C, similar to that found from buffer screen 9, the variants ranged from 41 °C to 68 °C, but all showed a clear melting transition. See [S2 Table](#pone.0192736.s002){ref-type="supplementary-material"} and [S3 Fig](#pone.0192736.s003){ref-type="supplementary-material"}.

Protein crystallization and structure solution {#sec006}
----------------------------------------------

Modestly diffracting (≈3Å) wild type BiuH crystals suitable for X-ray analysis were eventually grown using a combination of seeding, *in situ* proteolysis, formulation variation and additive screening. The best native crystal tested was a thin, stacked plate grown from protein at 3 mg/mL in Tris/NaCl buffer, with an *in situ* chymotrypsin treatment, where 100 uL protein solution was added to 10 μg of freeze-dried chymotrypsin and this mix was set up with no further purification. The reservoir consisteded of 0.18 M lithium chloride, 0.3 M NDSB 195 (non-detergent sulfobetaine 195), 18% polyethylene glycol 6000, 0.09 M sodium MES pH 6. The crystals grew in droplets of 200 nL protein + 200 nL reservoir, and were set up in SwissSci SD2 sitting drop plates (Molecular Dimensions, UK) at 20 °C. As there was no obvious molecular replacement model available, SeMet protein in 50 mM Tris pH 8, 50 mM NaCl, 5 mM DTT at 10 mg/mL was set up against an optimization screen based around the successful wild-type BiuH condition, with the same *in situ* chymotrypsin treatment. A SeMet crystal from this optimization screen was harvested, and used to collect single wavelength anomalous data at 0.97919 wavelength to 2.46 Å resolution at the Australian Synchrotron MX2 beamline. The data showed a strong anomalous signal (CCanom \> 0.15) to about 2.90 Å and the structure was solved using Crank2 \[[@pone.0192736.ref040]\] which automatically built 884 residues in 19 chains in the C2 spacegroup. The structure was manually rebuilt to give four independent chains in the asymmetric unit which formed a tight tetramer. Several higher resolution data sets ([Table 1](#pone.0192736.t001){ref-type="table"}) of mutants and soaks were available and this model was used to solve these structures using Phaser \[[@pone.0192736.ref041]\] (in two new space groups, P2~1~2~1~2~1~ and P22~1~2~1~). The P22~1~2~1~ spacegroup (the two K142 mutant structures) also has a single tetramer in the asymmetric unit whereas the P2~1~2~1~2~1~ spacegroup (the C175S structure with and without biuret) has two tetramers in the asymmetric unit. The structures were manually rebuilt using Coot \[[@pone.0192736.ref042]\] and refined with Refmac \[[@pone.0192736.ref043]\]. The biuret and inhibitor constraints were generated with the eLBOW function in Phenix \[[@pone.0192736.ref044]\]. All the crystal trials were set up in the SD-2 sitting drop plates which were used for the native protein; details of the crystallization conditions can be found in [S3 Table](#pone.0192736.s014){ref-type="supplementary-material"}. The structures obtained in this study have been lodged in the Protein Data Bank: SeMet BiuH wild-type (PDB: 6AZO), BiuH Cys175Ser (PDB: 6AZN), BiuH Cys175Ser with biuret (PDB: 6AZQ), BiuH Lys142Ala with *N*-carbamoyl-D,L-aspartic acid (PDB: 6AZS) and BiuH Lys142His (PDB: 5BK6).

10.1371/journal.pone.0192736.t001

###### Data collection and refinement statistics.

![](pone.0192736.t001){#pone.0192736.t001g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Data Collection                                                                                                                          
  --------------------------------------------- ----------------------- --------------------- --------------------- ---------------------- ----------------------
  Crystal                                       SeMet                   C175S                 C175S + biuret        K142A                  K142H

  Spacegroup                                    C2                      P2~1~2~1~2~1~         P2~1~2~1~2~1~         P22~1~2~1~             P22~1~2~1~

  Cell (a x b x c)                              135.7 x 101.0 x 65.6    74.2 x 86.9 x 343.0   73.7 x 87.3 x 341.7   62.1 x 122.2 x 136.1   62.1 x 122.7 x 135.7

  Cell (α x β x γ)                              90 x 91.8 x 90          90 x 90 x 90          90 x 90 x 90          90 x 90 x 90           90 x 90 x 90

  Resolution (Å)                                2.46                    1.75                  2.22                  1.59                   1.59

  Completeness (%)                              99.7 (98.0)             100 (100)             99.9 (98.6)           100 (100)              100 (100)

  Rmerge %                                      0.279 (0.713)           0.090 (0.759)         0.159 (0.726)         0.183 (1.122)          0.071 (0.726)

  Rpim %                                        0.091 (0.425)           0.056 (0.546)         0.093 (0.434)         0.074 (0.530)          0.045 (0.588)

  Mean I/sigI                                   11.4 (2.7)              9.0 (1.1)             7.7 (2.5)             8.2 (1.6)              11.7 (1.6)

  \# unique reflections                         32,094                  223,984               110,156               139,549                139,814

  Multiplicity                                  19.8 (7.4)              6.5 (5.2)             7.4 (7.1)             13.5 (10.4)            6.1 (4.3)

  CC1/2                                         0.991 (0.817)           0.998 (0.847)         0.990 (0.652)         0.996 (0.665)          0.999 (0.627)

  Anomalous completeness                        99.5 (95.6)                                                                                

  Anomalous multiplicity                        10.0 (3.8)                                                                                 

  ΔAnom correlation between half sets           0.233 (inner = 0.795)                                                                      

  \# Se                                         24                                                                                         

  Wavelength (Å)                                0.97919                                                                                    

  **Refinement**                                                                                                                           

  Resolution (Å)                                45.0--2.46              44.5--1.75            42.9--2.22            50.0--1.59             50.0--1.59

  No. Reflections                               30,444                  210,888               104,573               132,605                132,830

  Rwork %                                       22.5                    17.4                  24.9                  15.4                   15.0

  Rfree %                                       27.6                    20.4                  27.7                  17.4                   17.4

  \# atoms (total)                              7,462                   15,574                14,376                8,241                  8,285

  \# waters                                     413                     1445                  409                   879                    959

  \# buffer/biuret/inhibitor atoms              0                       0                     49                    112 / 22               56

  Mean B value overall (Å^2^)                   17.3                    29.1                  32.8                  16.6                   22.1

  Mean B value protein (Å^2^)                   17.9                    29.3                  33.5                  16.3                   21.8

  Mean B value water (Å^2^)                     10.7                    36.8                  26.3                  26.8                   32.4

  Mean B value buffer/biuret/inhibitor (Å^2^)   NA                      NA                    24.1                  20.6 / 30.2            31.3

  r.m.s.d. bond lengths (Å^2^)                  0.012                   0.018                 0.010                 0.015                  0.018

  r.m.s.d. bond angles (°)                      1.634                   1.760                 1.433                 1.787                  1.893

  Ramachandran analysis (%)\                    97.8 / 0.1              97.9 / 0.1            98.2 / 0              97.9 / 0               97.9 / 0.1
  preferred/ outliers                                                                                                                      
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

Molecular dynamics {#sec007}
------------------

A 500 ns molecular dynamics simulation was performed on the wild-type enzyme to investigate its substrate-active site interactions as well as the enzyme's conformational plasticity. Beginning from the crystal structure (with ligand coordinates taken from the C175S mutant structure) the AmberTools package \[[@pone.0192736.ref045]\] was used to setup molecular dynamics simulations with the Amber2014SB force field for the protein degrees of freedom \[[@pone.0192736.ref046]\], the GAFF force field for the ligand degrees of freedom \[[@pone.0192736.ref047]\], and the OBC2 generalized-Born implicit solvent model \[[@pone.0192736.ref048],[@pone.0192736.ref049]\]. Simulations were performed using the OpenMM simulation library \[[@pone.0192736.ref050]\] with a non-bonded cut-off of 1 nanometer, a salt concentration of 150 mM, and hydrogen bond lengths constrained. Equations of motion were integrated with a Langevin integrator (time step of 2 femtoseconds, a temperature of 300 Kelvin, and a collision frequency of 91/picosecond). After energy minimization, the system was equilibrated for 1 nanosecond, followed by 500 nanoseconds of simulation (collecting the positions of all atoms every 200 picoseconds).

The trajectory was subjected to further analysis *via* conformational clustering using the k-means algorithm with k = 20. These states were then assembled into a Markovian state model with a lag time of 40 nanoseconds using the PyEMMA python library \[[@pone.0192736.ref051]\]. The Caver algorithm \[[@pone.0192736.ref052],[@pone.0192736.ref053]\] was used to identify a number of transiently forming tunnels linking the active sites of each monomer to the surface as well as the central cavity of the tetramer.

An additional simulation was performed using the same protocol to characterize the Cys175Ser mutant (which was observed to bind biuret but was non-catalytic)

Enzyme assays {#sec008}
-------------

A glutamate dehydrogenase (GDH) coupled reaction was used to measure ammonia release in the biuret hydrolase (BiuH) dependent reactions. GDH catalyzes the NADH-dependent amination of α-ketoglutarate ([S4 Fig](#pone.0192736.s004){ref-type="supplementary-material"}). Ammonia production by BiuH was followed using the decrease of absorbance at 340 nm by UV spectrophotometry, which was due to the oxidation of NADH by GDH. 1.25 U of GDH was used per 250 μL reaction, the final concentrations of α-ketoglutarate and NADH were 3.5 mM and 0.2 mM, respectively.

Biuret hydrolase specific activity was obtained by using 22 nM of biuret hydrolase wild type or 0.22 μM of the variants and 5 mU/μL of GDH in presence of 1.2 mM of biuret in 25 mM potassium phosphate buffer pH 8.5, at 28 °C. Biuret hydrolase kinetic data were measured for the wild type and all the variants having a residual specific activity above 1% of the wild type enzymes, by using 22 nM of biuret hydrolase enzyme and either 2.9 μM or 0.9 μM of the variants, depending on their performance in presence of various concentrations of biuret ranging from 0--4 mM, using the GDH-coupled assay. All the kinetics constants were calculated using GraphPad Prism (GraphPad Software, San Diego, USA) fitting the rate data to the Michaelis-Menten equation: $$\frac{d\left\lbrack P \right\rbrack}{dt}~ = ~\frac{V_{max}\left\lbrack S \right\rbrack}{K_{M}~ + ~\left\lbrack S \right\rbrack}$$

Inhibition study {#sec009}
----------------

Inhibition of the BiuH's activity was measured in the presence of *N*-carbamoyl-D,L-aspartic acid, using 22 nM of biuret hydrolase enzyme. A 100 mM stock solution of *N*-carbamoyl-D,L-aspartic acid was prepared in 50 mM HEPES buffer, pH 8.5. The IC~50~ was determined by measuring the catalytic rate of BiuH against 0.2 mM of biuret at 28 °C in 50 mM HEPES buffer, pH 8.5 in presence of increasing amount of inhibitor ranging from 0 to 20 mM ([S5 Fig](#pone.0192736.s005){ref-type="supplementary-material"}). *N*-carbamoyl-D,L-aspartic acid was shown to not limit GDH activity at 0--20 mM.

Results and discussion {#sec010}
======================

Structure of biuret hydrolase {#sec011}
-----------------------------

Although BiuH had been partially characterized previously \[[@pone.0192736.ref054]\], the structure had not been determined and the molecular detail of its biochemical activity had not been investigated. We obtained a number of X-ray structures of BiuH ([Table 1](#pone.0192736.t001){ref-type="table"}), which allowed a more complete analysis of the enzyme. The native protein was purified (20 mg from 1 litre of culture, concentrated to 10 mg/mL) and crystallized after removal of the His-tag *in situ* using chymotrypsin, in neutral conditions containing medium or high molecular weight polyethylene glycols as precipitants. Proteolysis did not impact the activity of the purified enzyme ([S6 Fig](#pone.0192736.s006){ref-type="supplementary-material"}).

The protein is a tetramer (consistent with SEC; [S7 Fig](#pone.0192736.s007){ref-type="supplementary-material"}); each monomer adopts a five-stranded parallel β-sheet which is surrounded by α-helices ([Fig 2](#pone.0192736.g002){ref-type="fig"}). Helices α2, α4 and α5 (residues 95--102, 178--186, and 202--213, respectively) make symmetric interactions to another protomer in the tetramer, forming a dimer, as part of the basis of the quaternary structure. Each of these dimer interfaces (A-D, B-C) cover an area of over 1800 Å^2^ whereas the interface between protomers not in the dimer (A-C, B-D) is significantly smaller (*ca*. 700 Å^2^). BiuH is similar to several other structures in the PDB ID: 3irv and 3uao (NicF; maleamate amidohydrolase; Uniprot: Q88FY5) \[[@pone.0192736.ref055]--[@pone.0192736.ref057]\] as examples (rmsd of Cα atoms of 1.3 to 1.6 Å over about 180 residues, sequence identities ranging from 26 to 29% identical). Excess densityassociated with Cys175, Cys114, Cys190 and Cys196 in the SeMet structure suggests that these residues have tendency to be oxidized. Depending on the structure and the chain, the loop containing residues 44--53 is at least somewhat disordered and has a higher B-factor than most of the rest of the protein. The average B factor for the chains where the loop is mobile (in more than one conformation) is about double that of the average B factor for both the whole of the protein chain and double what is seen for the same loop (44--53) in other chains where there is a single conformation.

![Structure of the biuret amidohydrolase enzyme.\
Cartoon representation of: A. BiuH tetrameric structure, each color represents a subunit; B. monomeric subunit of BiuH with alpha helices shown in red (numbered α1- α8), beta strands in yellow (numbered β1- β5) and loops in green. In every cases the N and/or C termini were visible, they are indicated by a black arrow. Figures 1, 3 and 6 were generated with PyMol \[[@pone.0192736.ref065]\].](pone.0192736.g002){#pone.0192736.g002}

BiuH active site and catalytic mechanism {#sec012}
----------------------------------------

BiuH belongs to the same family of proteins as RutB (ureidoacrylate peracid amidohydrolase; Uniprot: P75897) \[[@pone.0192736.ref058],[@pone.0192736.ref059]\], PncA (nicotinamidase; Uniprot: P21369) \[[@pone.0192736.ref060]--[@pone.0192736.ref062]\] and NicF \[[@pone.0192736.ref055]--[@pone.0192736.ref057]\]. These enzymes are involved in the catabolism of heterocyclic compounds; PncA deaminates nicotinamide as part of the salvage pathway, RutB is required for the aerobic catabolism of pyrimidines and NicF is essential for nicotinic acid catabolism ([Fig 2](#pone.0192736.g002){ref-type="fig"}). PncA, NicF and RutB are all amidohydrolases; however, they catalyze slightly different reactions, with NicF and PncA perform analogous reactions producing ammonia and maleic acid (NicF) or nicotinic acid (PncA), while RutB produces aminoacrylate and carbamate. BiuH could potentially catalyze either reaction to produce either ammonia and allophanate or carbamate and urea. However, NMR studies with ^13^C labelled biuret provide strong evidence for the production of allophanate, rather than urea ([Fig 3](#pone.0192736.g003){ref-type="fig"}) \[[@pone.0192736.ref054]\].

![Reactions catalyzed by biuret amidohydrolase and homologs involved in heterocycle catabolism.\
1) Ureidoacrylate peracid amidohydrolase (RutB) produces carbamate and peroxy-amino acrylate from peroxy-ureidoacrylate, which is produced by ring opening of uracil by RutA and RutF; 2) maleamate amidohydrolase (NicF) produces ammonia and maleic acid from maleamaic acid, produced by NicX and NicD from 2,5-dihydroxypyridine during nicotinic acid catabolism; and, 3) biuret amidohydrolase (BiuH) produces ammonia and allophanate from biuret during cyanuric acid catabolism.](pone.0192736.g003){#pone.0192736.g003}

Like RutB and NicF, BiuH contains no metal in the active site \[[@pone.0192736.ref058],[@pone.0192736.ref059],[@pone.0192736.ref063]\]. In this regard it differs from PncA, which contains a zinc that is con-ordinated by two histidine residues, an aspartate residue and two water atoms \[[@pone.0192736.ref064]\]. The bipyrimidal co-ordination of the active site zinc is completed by the nitrogen heteroatom of the nicotinamide ring, which positions the substrate for hydrolysis by the active site nucleophile (Cys159) \[[@pone.0192736.ref064]\]. This suggests that biuret hydrolase is more distantly related to PncA that it is to NicF or RutB.

A comparison of the sequences of biuret hydrolase with seven homologs (PDB ID: 3irv, 3kl2, 1nba, 3uao, 2wta, 3hu5, and 3r2j) indicated that nine amino acids are highly conserved in the active site of this enzyme family (Asp36, Gln38, Phe41, Lys142, Phe148, Thr151, Gly169, Cys175, Thr179). As Cys175 is the only conserved cysteine, it was probable that it was the active site nucleophile; indeed, substitution of Cys175 for isosteric serine abolished catalytic activity (without impacting protein folding; [S2 Table](#pone.0192736.s013){ref-type="supplementary-material"}). A structure of the inactive Cys175Ser variant with biuret in the active site was obtained (PDB ID: 6AZQ). Given the relatively minor change to the active site relative to that of the wild-type, this structure is a close approximation of the Michaelis complex before the nucleophilic attack on the substrate by active site nucleophile.

In the Cys175Ser variant, biuret has an extensive hydrogen bond network with both sidechains and the protein backbone: Asp36, Lys145, Thr171, Ser175 and Gln215 have sidechain interactions; Ile170 and Thr171 contribute hydrogen bonds from backbone atoms. The active site Gln215 is provided by from the adjacent monomer of the dimer, which protrudes into the active site of its neighbouring monomer and binds the terminal amide that is distal from the nucleophile ([Fig 4](#pone.0192736.g004){ref-type="fig"}). The pocket is further constrained by Phe41, Tyr47 and Val174, with sidechain atoms of these residues between 3.2 and 3.9 Å away from the biuret molecule ([Fig 4](#pone.0192736.g004){ref-type="fig"}). The center of the Phe41 ring is about 3.0 Å from the N6 nitrogen, which is adjacent to the carbon presumed to be under attack by Cys175 in the wild-type enzyme. In this structure, Ser175, Asp36 and Lys142 are within hydrogen-bonding distance of one another; suggesting that, in addition to Cys175, Asp36 and Lys142 comprise the catalytic triad for BiuH. The amide oxygen closest to the nucleophile, which forms the oxyanion during catalysis, occupies a pocket that is formed by the main-chain nitrogens of Cys175 and Thr171. In NicF the oxyanion hole is formed by main-chain nitrogens of the nucleophilic cysteine (Cys150) and a threonine residue (Thr146) \[[@pone.0192736.ref063]\], and in PncA it is formed by main-chain nitrogens of a *cis*Ala (*cis*Ala155) and Phe (Phe158) \[[@pone.0192736.ref064]\]

![Cys175Ser BiuH variant showing biuret in the active site.\
BiuH is represented in cartoon style, with the exception of the active site amino acids; biuret is shown in pink, the hydrogen bonds between the residues and biuret are shown in grey, the hydrogen bonds between Asp36 and Lys142 in red; Gln215 is shown in cyan as it belongs to another enzyme subunit. The difference density map (Fo −Fc) of biuret in the active site is shown in [S11 Fig](#pone.0192736.s011){ref-type="supplementary-material"}.](pone.0192736.g004){#pone.0192736.g004}

The catalytic mechanism of BiuH is therefore likely to be identical to that of other cysteine amidohydrolases ([Fig 5](#pone.0192736.g005){ref-type="fig"}) in which the active site nucleophile (Cys175) is deprotonated by a general base (Asp36). The function of Lys142 is likely to be the same as that of Lys117 in NicF, which serves to increase the acidity of Asp29 (the equivalent of BiuH Asp36) \[[@pone.0192736.ref055]\]. The nucleophile forms a tetrahedral covalent intermediate with the substrate, with the developing oxyanion stabilised by the main-chain nitrogens of Cys175 and Thr171. Thereafter ammonia is released and an acyl intermediate is formed between the substrate and enzyme. This intermediate is subsequently hydrolyzed to release the product (allophanate) and regenerate the active site for further catalysis ([Fig 5](#pone.0192736.g005){ref-type="fig"}). Mutagenesis of Asp36 and Lys142 support this mechanism ([Fig 6](#pone.0192736.g006){ref-type="fig"}, [S2 Table](#pone.0192736.s013){ref-type="supplementary-material"}): Asp36 cannot be substituted for other amino acids and Lys142 can only be replaced by an arginine residue (with a \~25-fold reduction in activity relative to the wild-type enzyme).

![Suggested mechanism of the BiuH.\
Lys142 stabilizes Asp36 that will act as a general base and deprotonate Cys175, allowing Cys175 to perform a nucleophilic attack on the carbonyl end of biuret. Cys175 then binds to biuret forming a tetrahedral intermediate. Asp36 then acts as a general acid, leading to the collapse of the intermediate and the production of an ammonia and a thioester intermediate. Following the addition of a water molecule, Asp36 deprotonates the molecule of water leading to the hydrolysis of the thioester intermediate, forming a new tetrahedral intermediate. Finally, the enzyme is restored to its original state, releasing the allophanate product.](pone.0192736.g005){#pone.0192736.g005}

![Specific activity of variant enzymes compared to the BiuH wild type enzyme.\
The specific activity is shown for each variant as percentage of the wild type BiuH specific activity, using 1.2 mM biuret as substrate (n = 3).](pone.0192736.g006){#pone.0192736.g006}

BiuH and its variants were treated with *N*-carbamoyl aspartic acid, which is a substrate analog previously demonstrated to inhibit BiuH activity \[[@pone.0192736.ref054]\]. The structure of the Lys142Ala variant was obtained after treatment with the inhibitor (PDB ID: 6AZS), and an acyl (thiocarbamate) covalent complex was captured between the deaminated inhibitor and Cys175 ([Fig 7](#pone.0192736.g007){ref-type="fig"}). This unequivocally demonstrates that Cys175 is the active site nucleophile, and also suggests a role for Lys142 in regenerating the active site after the formation of the covalent intermediate.

![The active site of the Lys142Ala variant of BiuH showing Cys175 bound to the inhibitor *N*-carbamoyl-D,L-aspartic acid.\
BiuH is represented in cartoon style, with the exception of the active site amino acids; *N*-carbamoyl-D,L-aspartic acid is shown in pink, the hydrogen bond between the Gln215 and *N*-carbamoyl-D,L-aspartic acid are shown in grey, the hydrogen bonds between Asp36 and Ala142 in red; Gln215 is shown in cyan as it belongs to another enzyme subunit. The inhibition profile of BiuH with *N*-carbamoyl-D,L-aspartic acid is shown in [S5 Fig](#pone.0192736.s005){ref-type="supplementary-material"} and the difference density map (Fo −Fc) of the covalently bound inhibitor is shown in [S11 Fig](#pone.0192736.s011){ref-type="supplementary-material"}.](pone.0192736.g007){#pone.0192736.g007}

Variants were made that disrupted the hydrogen bonding interactions between the active site through hydrogen bonds with Gln215, Asp36, Lys145 and substrate. The purified variants were well folded, as shown by DSF, with T~m~ values from 41 °C (BiuH Asp36Glu) to 68 °C (BiuH Lys142His; PDB: 5BK6). The wild-type BiuH had an intermediate melting temperature of 56 °C. The Ser175 hydroxyl is less than 3 Å away from one of the two carbons in biuret, looking poised to attack. It should be noted that all heteroatoms (oxygen, nitrogen) in the biuret molecule hydrogen bond to the protein in an exquisite arrangement that makes the protein specific to its substrate. Steady state kinetics of the variants were obtained ([Table 2](#pone.0192736.t002){ref-type="table"}). Substitution of Gln215 with Ala or Glu increased the *K*~M~ of BiuH for biuret by more than 25-fold ([Table 2](#pone.0192736.t002){ref-type="table"}), consistent with the role of Gln215 in binding biuret. Interestingly, replacement of Gln215 with Asn slightly decreased the enzyme's *K*~M~ for biuret, but reduced its *k*~cat~ by \~8-fold, presumably by modifying the orientation of the substrate in the active site relative to the nucleophilic thiolate of Cys175. Variants of Lys145 in which Lys was substituted for Ala, Arg or His were effectively inactive (albeit DSF showed them to be folded correctly; [Table 2](#pone.0192736.t002){ref-type="table"}), suggesting that Lys145 may be essential for substrate binding (Lys145 has a 3.1 Å hydrogen bond directly to biuret). Phe41 is found in a mobile loop that appears to occlude the active site when not occupied by the substrate. Replacement of Phe41 with Ala, Leu, Tyr or Trp increased *K*~M~ and reduced *k*~cat~, suggesting a role in substrate binding and positioning, or in product egress.

10.1371/journal.pone.0192736.t002

###### Steady state kinetic parameters of BiuH and its variants.

(n = 5).

![](pone.0192736.t002){#pone.0192736.t002g}

  -------------------------------------------------------------------
                  *K*~M~ (μM)   *k*~cat~ (s^-1^)   *k*~cat~/*K*~M~\
                                                   (s^-1^.M^-1^)
  --------------- ------------- ------------------ ------------------
  **BiuH WT**     79 ± 7        11.90 ± 0.300      149742

  **Phe41Ala**    505 ± 23      0.14 ± 0.002       277

  **Phe41Leu**    333 ± 15      0.07 ± 0.001       210

  **Phe41Tyr**    749 ± 67      0.81 ± 0.026       1081

  **Phe41Trp**    127 ± 8       0.26 ± 0.003       2047

  **Gln215Ala**   2073 ± 100    0.74 ± 0.016       357

  **Lys142Arg**   139 ± 8       0.07 ± 0.001       504

  **Gln215Asn**   48 ± 2        0.19 ± 0.002       3958

  **Gln215Glu**   2528 ± 197    0.29 ± 0.012       115
  -------------------------------------------------------------------

Molecular dynamics {#sec013}
------------------

The binding of biuret to the wild type enzyme (PDB ID: 6AZO) was further investigated using molecular dynamics. A 500 ns trajectory indicated that biuret was held relatively tightly in the active site moving only slightly from the crystallographic conformation. Additionally, the catalytic residues Asp36 and Cys175 were rigid with Lys142 being somewhat more mobile. Examination of the conformations of the other active site residues revealed that a number of residues distal from the catalytic residues had either relatively high RMSD from the crystallographic conformation, or were shown to adopt two or three distinct rotomeric states ([S8](#pone.0192736.s008){ref-type="supplementary-material"} and [S9](#pone.0192736.s009){ref-type="supplementary-material"} Figs). From the Markovian state model there are four highly populated states,three more states with moderately low populations, and the remaining states had very low stationary probabilities ([S9 Fig](#pone.0192736.s009){ref-type="supplementary-material"}). Using these states as a guide, three putative tunnels were identified that extended from the surface of the protein into the active site, and were gated by the residues distal from the catalytic residues ([Fig 8](#pone.0192736.g008){ref-type="fig"}). The most persistent tunnel was gated by interactions with Val218 and Gln215 in the adjacent subunit while the smaller tunnels were gated by movement of Phe41, Tyr47, Val48, and Met51. Although further simulation is needed to verify this, it would seem that these secondary tunnels might serve to allow egress of ammonia and admission of water to enable the hydrolysis of the covalent intermediate.

![Solvent accessible channels in BiuH.\
Three solvent accessible channels emerging from the active site are shown in blue, green, and yellow. A) The blue and green tunnels quickly reach the surface of the monomer, while the yellow tunnel extends into the subunit interface and central cavity of the tetramer. The amino acids constituting the active site are shown as sticks, and the subunit that contained biuret is shown in pale green. B) The active site residues are shown as green sticks (for a representative structure of cluster 0) and as grey lines (for representative structures of other 19 clusters) and biuret is shown as Van der Waals spheres. The residues that are responsible for gating these tunnels are labeled in red C) The three dominant tunnels are shown on the right (green, yellow, and blue). Figure generated with Caver \[[@pone.0192736.ref052]\].](pone.0192736.g008){#pone.0192736.g008}

Comparing simulations of the Cys175Ser mutant and the wild type revealed that Ser175 adopted a number of conformations that placed the nucleophilic oxygen an Ångstrom further from the appropriate atom in the substrate when compared to the wild-type ([S10 Fig](#pone.0192736.s010){ref-type="supplementary-material"}). This was exacerbated by the absence of productive hydrogen bonds with Glu84 and presence of non-productive hydrogen bonds with Thr171. Combined with the relatively higher p*K*~a~ of serine, these results help explain why the mutant tightly binds biuret, but does not catalyze its hydrolysis.

Conclusion {#sec014}
==========

Herein, we have described and characterized the structure and catalytic mechanism of BiuH, a cysteine hydrolase that hydrolytically deaminates biuret during cyanuric acid catabolism by *R*. *leguminosarum* bv. *viciae* 3841. BiuH is structurally and mechanistically different from the 'canonical' AtzE from *Pseudomonas* sp. strain ADP, which fulfils the same physiological role; i.e., it liberates a nitrogen atom from the triazine ring and allows further degradation to make all three nitrogen atoms bioavailable. Curiously, there is no equivalent of *atzF* in close proximity to the *atzD* and *BiuH* genes in *R*. *leguminosarum* bv. *viciae* 3841. Further study will be required to determine the metabolic fate of the allophanate produced by BiuH.

BiuH has an analogous function to enzymes in both pyridine and pyrimidine catabolism with which it shares sequence, structure and mechanistic similarity (i.e., NicF and RutB). This suggests that BiuH may have evolved from an ancestor with ureidoacrylate peracid amidohydrolase or maleamate amidohydrolase activity. Interestingly, although the gene cluster containing the cyanuric acid and biuret hydrolase in *Rhizobium leguminasorum* bv. *viciae* 3841 is the only such cluster characterized to date, similar (as yet uncharacterized) clusters are present in other bacteria: e.g., *Gordonia* sp. KTR9 (GenBank: [AFR50980.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C403647740&format=fasta&filename=AFR50980.1.fa&ranges=0-356) and [AFR50981.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C403647741&format=fasta&filename=AFR50981.1.fa&ranges=0-233)), *Rhizobium leguminosarum* strain Vaf10 (GenBank:[ANP91478.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C1042069603&format=fasta&filename=ANP91478.1.fa&ranges=0-350) and [ANP91508.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C1042069633&format=fasta&filename=ANP91508.1.fa&ranges=0-232)), *Rhizobium leguminosarum* bv. *trifolii* WSM1325 (GenBank:[ACS61202.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C240863540&format=fasta&filename=ACS61202.1.fa&ranges=0-350) and [ACS61203.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C240863541&format=fasta&filename=ACS61203.1.fa&ranges=0-233)), *Rhizobium tropici* CIAT 899 (GenBank:[AGB75492.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C440043514&format=fasta&filename=AGB75492.1.fa&ranges=0-347) and [AGB75491.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C440043513&format=fasta&filename=AGB75491.1.fa&ranges=0-236)) and *Agrobacterium vitis* S4 (GenBank:[ACM38740.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C221737844&format=fasta&filename=ACM38740.1.fa&ranges=0-352) and [ACM38741.1](https://www.ncbi.nlm.nih.gov/projects/sviewer/sequence.cgi?id=gi%7C221737845&format=fasta&filename=ACM38741.1.fa&ranges=0-232)). This may suggest that BiuH homologs play a more important role than anticipated in the environmental fate of *s*-triazine compounds.

Supporting information {#sec015}
======================

###### Protein sequence of the biuret hydrolase protein from *Rhizobium leguminosarum* bv. *viciae* 3841.

EMBL database accession no. AM236084.1, containing the 6xhis-tag and the thrombin cleavage sites added through the cloning (in red).

(PDF)

###### 

Click here for additional data file.

###### Meltdown output for BiuH.

(PDF)

###### 

Click here for additional data file.

###### Melting temperature of BiuH and its variants.

The melting temperature (Tm) was measured by differential scanning fluorimetry in °C (n = 3--16 depending on the variants).

(PDF)

###### 

Click here for additional data file.

###### Biuret hydrolase (BiuH) activity assays.

A glutamate dehydrogenase (GDH) coupled reaction was used to measure ammonium release in the assays of the biuret hydrolase WT and its variants.

(PDF)

###### 

Click here for additional data file.

###### Percentage of BiuH activity in function of the *N*-Carbamoyl-D,L-aspartic acid inhibitor concentration (mM).

The activity of BiuH was measured with 0.2 mM biuret and the GDH-coupled assay in the presence of increasing amounts of inhibitor (n = 6); *N*-Carbamoyl-DL-aspartic acid structure is shown on the top right corner.

(PDF)

###### 

Click here for additional data file.

###### Steady state kinetic parameters of BiuH with/without his-tag and comparison to published data.

(PDF)

###### 

Click here for additional data file.

###### Size exclusion chromatographies from BiuH or its variants.

Number 8 represents the elution time for a protein having the size of an octamer of BiuH (red), 4 represents the size of a tetramer of BiuH (blue), 2 the elution time for a protein having the size of a dimer of BiuH (black) and 1 the elution time expected for a protein of the size of the BiuH monomer. The size exclusion from the K145A/H/R variants seem to present a slight shift towards the dimeric size when compared to the other variants.

(PDF)

###### 

Click here for additional data file.

###### Root mean square distance for BiuH active site and biuret during molecular dynamics simulation.

Top: Root mean square distance from the crystallographic conformation for active site residues and biuret over the course of a 500 ns molecular dynamics simulation. Bottom: Distributions of root mean square distances from the crystallographic conformation for active side residues during a 500 ns molecular dynamics simulation.

(PDF)

###### 

Click here for additional data file.

###### Conformational clustering of active site residues throughout a 500ns molecular dynamics simulation.

States were assigned by clustering the Cartesian coordinates of the active site residues and biuret using the k-means algorithm (k = 20). Top: Discrete trajectory showing the conformational state of the active site throughout the course of the simulation. Bottom: Network diagram showing Markovian state model (lag time = 40 ns) of the conformational transitions between clustered states. The area of each node is proportional to the equilibrium probability of the state while the thickness of the arrows is proportional to the transition probability.

(PDF)

###### 

Click here for additional data file.

###### Comparison of the biuret--enzyme interactions observed during molecular dynamics simulations for the WT enzyme (blue) and the C175S mutant (orange).

The top row of plots shows the time trace of the number of hydrogen bonds between the active site residues and biuret, a histogram of these hydrogen bonds, and a bar chart highlighting differences in hydrogen bonding between WT and mutant. On the bottom, the distance between the nucleophile and the electrophilic carbon of biuret is shown as a function of time on the left, and distributions on the right.

(PDF)

###### 

Click here for additional data file.

###### Difference density map (Fo −Fc) shown around biuret and the N-carbamoyl-D,L-aspartic acid inhibitor.

A. Active site of the Cys175Ser BiuH variant shown in cartoon, with the active site amino acids and biuret shown in stick and the difference density map (Fo −Fc) in green mesh. B. Active site of the Lys142Ala variant of BiuH showing Cys175 bound to the inhibitor N-carbamoyl-D,L-aspartic acid and the difference density map (Fo −Fc), with the active site amino acids and the inhibitor shown in stick and the difference density map (Fo −Fc) in green mesh.

(PDF)

###### 

Click here for additional data file.

###### Mutagenic primers used for introducing point mutation in BiuH's sequence by overlapping PCR.

In bold are the base pairs causing the mutation.

(PDF)

###### 

Click here for additional data file.

###### Specific activity of BiuH and its variants.

The specific activity was measured in presence of 1.2 mM of biuret (n = 3) in μmoles.sec-1.mg enzyme-1, Tm: melting temperature measured by differential scanning fluorimetry in °C (n = 3--16 depending on the variants).

(PDF)

###### 

Click here for additional data file.

###### Crystallisation conditions.

(PDF)

###### 

Click here for additional data file.
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